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Introduction Malignant pleural mesothelioma (MPM) is an aggressive malignant tumor whose principal risk factor is asbestos exposure. Its incidence varies worldwide and is around 20 per million in Europe (1). It is expected that this number will double within the next 20 years (2), will reach a peak in 2015‐2020, and that the predicted number of deaths over the next 40 years will be of 250’000 in Europe (3), becoming a major health problem on a worldwide scale (4).  
Despite different therapeutic strategies (multimodal treatment including surgery, chemotherapy and radiotherapy) (1, 5), the survival of patients suffering of MPM is still unsatisfactory. Therefore new treatment options, especially targeted therapies, are currently investigated. Antiangiogenic agents seem to be promising (4). Indeed, it has been shown that the prognosis in MPM is related to angiogenesis (6‐8). High levels of VEGF and increased microvessel density are associated with poor outcome (6, 9). Furthermore, the highest VEGF levels of any solid tumor patients are found in mesothelioma patients (10, 11). Several antiangiogenic agents have already been tested in vitro, in vivo, or in clinical trials (11). To our knowledge, their effects on tumor angiogenesis and microcirculation have not yet been observed in vivo.  
This study was undertaken in order to develop and standardize a new animal model for MPM, which may serve as tool for assessment of antivascular therapies directed against MPM. We evaluated tumor angiogenesis in human mesothelioma xenografts qualitatively and quantitatively during 14 days in a rodent model using a dorsal skinfold chamber (DSFC) technique and intravital microscopy (IVM), a recognized method for analysis of tumor architecture and vasculature (12). IVM permits repeated non‐invasive microscopic studies of living tissue using trans‐ and epi‐illumination microscopy.  
Usually, the obtained images have to be analyzed using a sophisticated technical set‐up in order to describe microcirculatory characteristics. In this study, our aim was to simplify the qualitative and quantitative evaluation of the microcirculation and to establish an easy and reproducible model for assessment of tumor angiogenesis in MPM.  Therefore, we adapted a well‐established and simple clinical scoring system initially developed for the assessment of microcircular pertubations in critical ill patients. 
 
Material and Methods (Fig.1) 
Tumor model 
a) Cells Human malignant mesothelioma cells (H‐Meso‐1, Deutsches Krebsforschungszentrum, Heidelberg, Germany) (13) were cultured and maintained in RPMI 1640 culture medium containing 10% fetal calf serum at 37°C and 5% CO2 with adjunction of antibiotics (penicillin 1000 IU/ml and streptomycin 0.1mg/ml). For the preparation of the cell suspension, cells were washed twice with PBS and detached with trypsin. The cell suspension was centrifuged at 4000 rpm. 
b) Animal model Ten to fifteen weeks old nude mice (Charles River Laboratories, L'Arbresle, France; bodyweight 20 to 25g) were used in this study. The animals were kept in pathogen‐free environment with free access to sterilized water and chow. All experiments were conducted in accordance with the national and institutional guidelines for the care and use of laboratory animals. 
c) Generation of subcutaneous human mesothelioma xenografts  Animals were anesthetized by intraperitoneal injection of ketamine and xylazine. A tumor cell suspension (0.1 ml containing 5.0 x 105 H‐meso‐1 cells) was injected subcutaneously in the nude mice’s neck using a 27‐gauge needle and a 0.3‐ml insulin syringe. Tumor growth was observed daily and the animals were sacrificed once the tumor volume reaches 1000 mm3. 
d) Dorsal skin fold chamber (DSFC) (Fig. 1 a) DSFC were implanted in ten nude mice using the technique described by Lehr and al. (14) in order to expose the underlying muscle and its vasculature. 24 hours after its implantation, the chamber was cautiously examined to determine if there was not any inflammatory reaction that would have contraindicated its use in the study.  
e) Tumor implantation in the dorsal skin fold chamber In five mice, a small piece (2x2x2 mm) of H‐Meso‐1 tumor previously generated was then placed in the center of each DSFC. 
Intravital microscopy Using intravital microscopy, tumor size and microcirculatory parameters were analyzed during the observation period (14 days). 
a) Setup:  A Carl Zeiss Axiotech Vario 100 microscope was used for in‐vivo observation of the dorsal skin fold chamber. A Plexiglas tube containing the mouse in a lateral decubitus position (ensuring that the chamber stays horizontal) was put under the microscope. The mouse was not anaesthetized. Trans‐illumination and epi‐illumination were performed according to the intended analysis.  
Different objectives were used: Achroplan Carl Zeiss 2.5x/0.0075 and 4x/0.10 Plan Neofluar for a large field of view (3x3 mm for the 4x objective), and an achroplan 10x/0.25 objective for detailed observation of the vessels and capillaries.  
Images and sequences were recorded through a CCD camera (EM‐CCD C9100‐12, 400 to 1000 nm, Hamamatsu Photonics, Solothurn, Switzerland) with the Hamamatsu HiPic version 7.0 software, giving 512x512 pixels and 16 bits grey level images. Finally, the acquired images were analyzed using Image J (NIH free software). 
b) Tumor size Trans‐illumination was performed every day and pictures were taken under the 2.5x objective. Tumor surface, length, and width, were measured using Carl Zeiss AxioVision Software Rel.4.6. Estimation of the tumor volume was calculated using this formula: V=1/6 x π x L x l2, where L is the length and l the width (15). 
c) Angiography (Fig .1b) On D3, D7, D11, and D14 after tumor implantation, 2.5 ml of Fluorescein isothiocyanate‐dextran (FITC‐D, molecular weight 2000kDa), as fluorescent tracer, were injected in a suspension with phosphate buffer saline (PBS) into the lateral tail vein of mice. Epi‐illumination (with excitation filter at 470 ± 20 nm and emission filter at 510 ± 20 nm) was performed and sequences were recorded during 20 sec under the 10x objective.  Images were also taken under the 2.5x objective in order to determine tumor surface and vascularised surface using Carl Zeiss AxioVision Rel.4.6. 
d) Microcirculatory parameters analysis (Fig. 1 c) From the recorded sequences, tumor microcirculation was assessed. Three clinical scores describing microcirculation were used in this study: the De Backer’s score, the microvascular flow index (MFI) and the heterogeneity index (15). A number of modifications were made to adapt these scores to the experimental model of growing human malignant mesothelioma. Four sites were recorded in each tumor, two in the periphery and two in the center. These sites were chosen in order to describe at each time point the most and the least vascularized part. To avoid overlapping of the analyzed regions, only one quarter of the image (using a 10x fold magnification) was analyzed. The first score, the De Backer’s score, contains vessel density (VD), perfused vessel density (PVD) and proportion of perfused vessels (PPV). Vessel density (VD) was calculated counting the vessels crossing three equidistant vertical and three equidistant horizontal lines drawn on the screen and dividing this number by the total length of the lines. The principle of this score is that density of vessels is proportional to the number of vessels crossing arbitrary lines. Perfused vessel density (PVD) was then calculated as follows: total number of vessels –(no flow + intermittent flow) /total length of the lines. Finally, Proportion of perfused vessels (PPV) was calculated using this formula: PPV = 100 x PVD/VD. For the second score, the microvascular flow index (MFI) (16‐18), the screen was divided in four quadrants and the predominant type of flow in each quadrant was determined using these flows’ characteristics: absent “0”, intermittent “1”, sluggish (continuous but very slow) “2”, or normal “3”. As normal flow rarely exist in tumor vessels, the most regular flow found in tumor vessels was considered as level “3”. The MFI results from the average of the four quadrants.   
The last score, the heterogeneity index, developed by Trzeciak and coworkers (17) was calculated taking the highest MFI of all sites minus the lowest MFI of all sites divided by the mean MFI of all sites.  Table 1 resumes all parameters assessed in this study.   
 
 
 
Table 1 
     *Assessment is performed  separately for tumor periphery and center 
 
e) Statistical analysis To analyze the variables “vessel density”, “perfused vessel density” and “microvascular flow index”, we applied the analysis of variance (ANOVA) test with repeated measures 
using the software Graphpad prism 5 software package (Graphpad Software Inc, San Dieo, Calif ). Tukey’s HDS post hoc test was run for multiple comparisons. Data was expressed as mean ± standard error of mean. Statistical significance was accepted at p<0.05.  
Fig. 1 
a) Dorsal skinfold chamber preparation  in nude mice (a; bar = 10 mm) and  picture of the tumor taken  by IVM 7 days  (b; bar = 1 mm,  magnification ×40)  and 14 days (c) after  tumor implantation;  flash : sprouting neovessels  
b) Picture of the tumor taken by IVM  after intravenous injection of FITC  Dextran,  typical example (bar = 1 mm,  magnification × 25);  software based determination  of  surface (d), tumor dimensions (e),  and non‐ vascularized surface  (f); 4 regions of interest (ROI) (g) 
 
 
 
 
 
 
 
c) Two semi‐quantitative scoring systems for evaluation of microcirculation: De Backer’s score (h) and  Microvascular Flow Index (i) (white bar = 100 µm, magnification × 100 ) 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Results 
a) Tumor  morphology The take rate of the human mesothelioma xenograft H‐meso‐1 in the skin fold chamber of nude mice was 100%. Three days after tumor implantation capillary sprouting was observed in the tumor periphery in 5 of 5 animals. From day 3 to 10 a progressive formation of irregularly shaped capillaries occurred, presenting an inhomogeneous blood flow. Six to 10 days after tumor grafting these newly formed vessels developed anastomoses, tumor perfusion improved with more regular flow throughout the tumor (Fig 2). The total tumor volume and surface decreased during the observation period, while the vascularised tumor surface increased (Fig. 3). Vessel density increased progressively over time (Fig. 4; *, p<0.05). 
 
 
 
 
 
 
 
 
 
 
 
 
          Fig.2) Angiogenesis, human malignant mesothelioma 
Fig. 3 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3 b) 
 
 
 
 
 
 
 
 
Fig. 4 a)  Fig. 4 b) 
                                    
 
 
b) Microcirculatory parameters 
Perfused vessel density and the proportion of perfused vessels increased over time (Fig.  4 and 5; *, p<0.05). Microvascular flow index increased over time (Fig. 6; *, p<0.05). Tumor microcirculation is becoming more homogeneous over time (Fig. 7; *, p<0.05).
Fig. 4 a)  Fig. 4 b) 
 
 
 
 
 
 
 
 
Fig. 5      Fig. 6 a) 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6 b)    Fig. 7 
 
 
 
 
 
 
Discussion 
Discussion 
The most important result of this study is that angiogenesis and microcirculation in malignant human mesothelioma can be observed in vivo by use of intravital microscopy and a dorsal skin fold chamber preparation in nude mice. To our knowledge, xenografting of human mesothelioma in the dorsal skin fold chamber model has not been described so far. By intravital microscopy, we observed progressive formation of neovessels during 14 days after tumor implantation, presenting an inhomogeneous blood flow. Our observation parallels different reports from the literature regarding     angiogenesis observed by IVM of various solid tumors grafted in appropriate tissue preparations (12, 19‐22). 
The method applied in the current study for quantitative assessment of angiogenesis and microcirculation in human tumor xenografts was derived from three different clinical scoring systems for microcirculatory pertubations in critical ill patients. These clinical scores were validated by a round table conference and were published as a consensus statement by De Backer et al. (15). This consensus report describes how microcirculation should be evaluated. Importantly, the authors were able to show that the reproducibility of the defined scores is excellent, most probably due to the simplicity of the scoring system. The intra‐observer variability of the De Backer’s score for VD varies from 2.5% to 4.7%, for PVD from 0.9% to 4.5% and the inter‐observer variability ranges from 3.0% to 6.2% and 4.1% to 10%, respectively (23). The intra‐observer agreement of MFI is 85% and the inter‐observer agreement is 90% (18).  
Here we show that these straightforward scores can successfully be adapted to analyze 
in­vivo microcirculation in human tumor xenografts in a rodent model. However, some modifications are mandatory in order to assess at best the heterogeneity of angiogenesis 
in tumor xenografts.  Essentially, the number of regions to analyze has to be increased in order to take account of differences of tumor periphery and center. 
In the past, several models have been used for experimental research on MPM.  In vitro models allow to study cell morphology, proliferation, apoptosis and mutations, but only indirect means to study angiogenesis can be used, for example, by measuring VEGF levels (24, 25). A number of models consist of subcutaneous or orthotopic implantation of MPM cells in immune deficient animals or by use of syngenic malignant mesothelioma cell lines in immune competent animals (13, 25‐28). They permit to test different therapeutic concepts, to evaluate survival, tumor weight and dissemination, to analyse different histopathological parameters on tumor sections, such as microvessel density. The advantages of orthotopic models compared to subcutaneous models are that tumor dissemination and selectivity of treatments can be directly observed in the native tumor’s environment.  The principal limitation of these models is that animals have to be sacrified to carry out the analyses.  Therefore repeated analyses over time on the same animal and tumor are impossible. As shown in our current study the main advantage of IVM and the dorsal skin fold chamber model is that it allows repeated observations over time in the same animal and tumor. However, some minor limitations need to be mentioned. The observation period is limited to 2 weeks, the skin fold chamber preparation is technically demanding and a perfect quality of the chamber without inflammation and bleeding is mandatory for valid analysis of angiogenesis, and finally FITC‐dextran for angiography cannot be injected every day since otherwise its accumulation interferes with the results (19). 
In conclusion, our study illustrates that angiogenesis and microcirculation in human mesothelioma xenografts can be continuously assessed in vivo by intravital microscopy. 
The modified scoring system for assessment of tumor angiogenesis and microcirculation applied in this study is a simple, reliable and reproducible method to describe the developing neovascular network in a quantitative manner while it avoids a complicated technical setup. This model may serve as a new tool for assessment of antivascular therapies directed against MPM. 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